Single crystal fiber (SCF) is a hybrid laser architecture between conventional bulk laser crystals and active optical fibers allowing higher average powers than with conventional crystals and higher energy than with fibers in pulsed regime. The pump beam delivered by a fiber-coupled laser diode is confined by the guiding capacity of the SCF whereas the signal beam is in free propagation. In this paper, we study the pump guiding in the SCF and give an overview of the results obtained using SCF gain modules in laser oscillators and amplifiers. We report about up to 500 µJ nanosecond pulses at the output of a passively Q-switched Er:YAG SCF oscillator at 1617 nm. High power experiments with Yb:YAG allowed to demonstrate up to 250 W out of a multimode oscillator. High power 946 nm Nd:YAG SCF Q-switched oscillators followed by second and fourth harmonic generation in the blue and the UV is also presented with an average power up to 3.4 W at 473 nm and 600 mW at 236.5 nm. At 1064 nm, we obtain up to 3 mJ with a nearly fundamental mode beam in sub-nanosecond regime with a micro-chip laser amplified in a Nd:YAG SCF. Yb:YAG SCF amplifiers are used to amplify fiber based sources limited by non-linearities such as Stimulated Brillouin Scattering with a narrow linewidth laser and Self Phase Modulation with a femtosecond source. Using chirped pulse amplification, 380 fs pulses are obtained with an energy of 1 mJ and an excellent beam quality (M²<1.1).
INTRODUCTION
Over the past decades, a lot of work has focused on the development of new technologies to push forward the performance of diode pumped solid state laser systems. On one hand, fiber based system can generate high average powers but are limited in energy and peak power because of non-linearities associated with the strong confinement of the signal in the guide. A lot of work has been conducted on the development of optical fiber with large mode areas to overcome this limitation [1] . More recently, different solutions such as coherent combining and divided pulse amplification have also been used to scale the output energy of fiber based ultra-short pulse sources [2] [3] [4] . On the other hand, diode pumped bulk system can usually handle much higher energies and peak powers but are limited in average power by thermal effects associated with laser amplification. The most successful approaches to overcome the thermal limitations are the thin disk and the slab geometry [5] [6] . Both of these architectures have allowed achieving high average power above 1 kW and can be used as laser amplifiers or in laser oscillators [7] [8] . However, both are also relatively complex to implement involving the use of multi-pass systems for pump and signal beam or complex beam shaping schemes.
The single crystal fiber architecture has mostly been developed within a close and intense collaboration between the Laboratoire Charles Fabry and Fibercryst over the last ten years. It is an alternative approach at the frontier between conventional bulk and fiber systems using only wave guiding for the pump. It has been used to develop a wide range of laser systems with different materials [9] [10] [11] . The main results are presented in this paper.
CONCEPT
The denomination "Single crystal fiber" (SCF) is used in this paper to refer to cylindrical crystal rod with a diameter between 500 µm and 1 mm and a length of a few centimeters. SCFs are used as a bulk crystal for the signal and can be used as a waveguide for highly multimode pump beams. The working principle is shown on figure 1. The signal beam diameter is limited to about half the crystal diameter in order to limit the losses and the beam distortion due to diffraction. In order to estimate the pump intensity distribution in the SCF, we study the propagation of the highly multimode pump beam in the SCF using ray tracing calculation coupled with experimental measurements. Figure 2 shows the pump intensity distribution in the SCF. In the first few millimeters of propagation, the pump beam is not guided and is propagating freely. In the rest of the SCF, the pump beam is guided by internal reflexion inside the crystal. It can be noticed that the intensity is higher in the central part of the SCF than in the outer part. The diameter over which this higher intensity is observed corresponds to the pump beam waist diameter at the input of the crystal. As shown on the lower part of figure 2, this remarkable feature has also been observed experimentally. As the signal is only propagating through the central part of the rod, this is beneficial in terms of overlap between the pumped volume and the signal beam. Using our ray tracing calculation code, we were also able to quantify the ratio of power which is absorbed in the central part of the crystal as a function of the position along the optical axis. Figure 3 shows an example of calculation results comparing what is obtained with SCF versus the case of a bulk crystal without pump guiding. It oscillates around 43% in the part where the pump is guided in the SCF whereas it quickly drops below 10% in the case of the bulk crystal. It shows that the overlap between pump and signal is significantly improved thanks to pump guiding. The SCF geometry can also be compared to conventional bulk crystals in terms of temperature distribution in the crystal and induced thermal lensing. The small diameter of the SCF compared to conventional rod allows reducing the temperature difference between the edge and the center of the crystal as the heat is carried over shorter distances. A lower temperature can be beneficial in terms of spectroscopic properties as the emission cross section decreases with temperature for most materials. However, as the temperature gradient is expected to be the same in both cases, thermal lensing should be similar for a same absorbed pump power in the central part of the crystal. The main drawback of the smaller diameter of the crystal with SCF is the reduced exchange surface between the crystal and its mount. As a consequence, the SCF requires better thermal contact than with bulk in order to benefit from its advantages in terms of thermal management. It has turned out to be a challenging issue which led to the development of the Taranis gain module (commercialized by Fibercryst) which offers homogeneous high thermal transfer coefficient contact while maintaining low mechanical stresses in the crystal. Figure 4 shows temperature distributions of the pumped face obtained with a conventional crystal mounting technique versus an SCF in a Taranis module. 
QUASI-THREE LEVELS LASER OSCILATORS
Er-YAG SCFs were used in Q-switched oscillators operating at 1617 nm [12] . The specific interests of the SCF for these applications are the reduced non-radiative transitions probability thanks to lower doping concentrations and the reduced temperature. This wavelength has specific interests for laser ranging and active imaging applications as it is in the eyesafe wavelength range and has a low atmospheric absorption. The experimental setup is shown on figure 5 . The 0.5 at % doped Er:YAG SCF is 30 mm long and has a diameter of 750 µm. It is mounted in a Taranis module. The pump laser is a fiber-coupled laser diode emitting up to 14 W at 1470 nm out of a 100 µm core diameter 0.22 NA fiber. The output facet of the fiber is imaged inside the SCF using two doublets. The oscillator cavity is formed by two concave mirrors. The saturable absorber is a Cr:ZnSe crystal. Its mount temperature is regulated. Figure 6 shows the evolution of the pulse repetition rate and the pulse energy as a function of the Cr:ZnSe temperature. A strong influence of the saturable absorber temperature is observed as the excited state life time of Cr:ZnSe decays with temperature. It is therefore necessary to water cool the saturable absorber mount. Nd:YAG SCF are also used to build laser oscillators at 946 nm [13] [14] [15] . Figure 7 shows the setup of a Q-switched SCF laser oscillator operating at 946 nm. The SCF is a 1 mm diameter, 50 mm long 0.2 at. % doped Nd:YAG crystal with anti-reflective coatings on both ends. It is pumped at 808 nm by a 100 W laser diode with a 200 µm core diameter, 0.22 NA output fiber. A thin-film polarizer is placed in the cavity in order to obtain linearly polarized laser emission. The stress-free thermal contact obtained with SCF allows limiting the losses due to passive depolarization in the crystal. A quarter wave-plate with a neutral axis oriented horizontally is placed between the SCF and the dichroic mirror in order to reduce thermally induced depolarization losses [16] . Both end-cavity mirrors are highly reflective at 946 nm and a second quarter wave-plate forms a variable output coupler together with the thin film polarizer. All cavity mirrors have high transmission at 1064 nm in order to avoid parasitic emission at this wavelength. An acousto-optic modulator is used to Q-switch the oscillator. directions and is linearly polarized. After second harmonic generation (SHG) in a BiBO non-linear crystal, up to 3 W is obtained at 473 nm. Finally, 600 mW is generated at 257 nm after a second SHG stage. It represents an improvement of an order of magnitude in energy and average power compared to the previous state of the art [17] .
High power experiments were conducted with Yb:YAG SCF in order to test the limitations of the architecture in terms of average power [18] . As shown on figure 8, a fiber coupled laser diode emitting up to 600 W at 940 nm is used to pump a 40 mm long 1 % doped Yb:YAG SCF. The cavity is made of two concave mirrors with a 100 mm radius of curvature. Three different output couplers reflectivity have been used: 70%, 50% and 20% in order to test the power extraction with high laser gain. The pump beam is focused over a diameter of 600 µm inside the SCF. Figure 8 shows the experimental setup. In conclusion, all these results show the interest of the SCF as a new laser architecture to build quasi-three level laser oscillators. It offers an excellent thermal management together with a good pump to signal overlap thanks to the pump guiding allowing high output powers.
SINGLE CRYSTAL FIBER AMPLIFIERS
The first amplification experiments were conducted with Nd:YAG SCF [19] . A typical experimental setup is depicted on figure 10 . A high brightness laser diode emitting at 808 nm is used to pump a Nd:YAG SCF. Different microchip lasers emitting at 1064 nm are used as seed sources. The signal beam is focused over a diameter of around 400 µm inside the SCF. After a first pass, the signal beam is sent for a second pass in the SCF after a 90° polarization rotation allowing the extraction of the output beam on a polarizing beam splitter placed at the input. For a pump power of 60 W at 808 nm, the double pass small signal gain is very high and reaches over 30 dB. With 400 ps pulses at 1 kHz at the input, the peak power can reach over 7 MW with 3 mJ ouput pulse energy without observing any manifestation of Kerr lensing or damages of the crystal coatings. It clearly shows the capability of the SCF to handle much higher peak powers and energies than fiber based amplifiers. Moreover, for an input power of 5 W, we obtain up to 26% extraction efficiency and an extracted power of 16 W. The output beam quality is only slightly degraded by the amplification with an output beam M 2 below 1.4 in both axis.
Compared to Nd:YAG, Yb:YAG has a much lower quantum defect potentially allowing much higher output average powers. Its emission linewidth is also much broader and allows the amplification of sub-picosecond pulses which is not possible with Nd:YAG. Finally its emission wavelength corresponds to the emission wavelength of most fiber based systems. Yb:YAG SCF can therefore be used as a booster to amplify fiber based sources limited by non-linearities or damage threshold. This approach is used with a narrow linewidth nanosecond fiber-based laser source limited in peak power by Stimulated Brillouin Scattering (SBS) and with fiber-based femtosecond laser limited by Self Phase Modulation (SPM).
For the amplification of a narrow linewidth signal, we use a seed source made of a DFB laser diode amplified in four consecutive fiber amplifiers [20] . In order to have a high SBS threshold in our fiber amplifiers, we use a photonic crystal fiber with a 40 µm core diameter for the last amplification stage. The SBS threshold of this amplification stage is characterized in order to be able to work at maximum output peak power without SBS. Figure 11 shows the experimental setup used to do this characterization and the typical temporal signature of SBS on output pulses. Square shaped pulses with different durations are sent into the amplifier and the SBS threshold is detected by monitoring the output pulse temporal profile which is distorted by the SBS. The figure on the right part shows the evolution of the SBS threshold measured for different pulse linewidths. For 200 ns pulses with a linewidth of about 5 MHz, the SBS threshold is observed at a peak power of 3 kW. However, for shorter pulses of 15 ns the SBS threshold is reached for 7 kW peak power. The beam at the output of the seed source is then sent into our double pass Yb:YAG SCF amplifier. The experimental setup is very similar to the one described on figure 9. We use a 1 at. % doped, 40 mm long and 1 mm diameter Yb:YAG SCF pumped by a high brigthness 75 W laser diode emitting at 940 nm out of a 105 µm core diameter, 0.15 NA fiber. With this setup, we are able to obtain an output peak power of up to 50 kW for 15 ns pulses which represents a gain of a factor 7 compared to the maximum output reached with the 40 µm diameter photonic crystal fiber amplifier. The corresponding output average power is 22.5 W for an input power of 2.5 W. The output beam quality is excellent with an M 2 below 1.1 in both directions. After two consecutive SHG stages, up to 3.2 W is generated at 257 nm.
A similar approach can be used to amplify chirped femtosecond pulses beyond the energy limitation of a fiber based system [21] . The seed source delivers sub 400 fs pulses with a chirped pulse duration of 400 ps and a maximum energy of 150 µJ. The SCF amplifier is similar to the one described above. After a double pass in the SCF, up to 1.4 mJ are obtained at 10 kHz. It corresponds to a peak power of about 10 MW. The beam quality is well conserved by the amplification with an output beam M 2 below 1.1. After recompression, the pulse energy is 1 mJ and the pulse duration is 380 fs which corresponds to a peak power of over 2 GW.
CONCLUSION
In conclusion, single crystal fibers has proven to be a competitive laser architecture with multiple demonstrations as gain medium in oscillators and laser amplifiers with different materials. It brings an unique combination of high gain, high average powers and high peak powers with simple laser systems.
